Purpose: To establish the accuracy of measuring the gonial angle on an orthopantomogram (GAO), as defined by the anatomic relationship between the inferior and posterior borders of the mandible. Furthermore, to examine the relationship between GAO and maximum occlusal force (MOF) in the premolar and molar regions of healthy young adults. Materials and Methods: Orthopantomograms of dry mandibles were obtained in three orientations in the sagittal plane, to represent variation in image acquisition in clinical settings. The GAO was measured using image-processing software, and reliability was analyzed using the intraclass correlation coefficient. Then, GAO, MOF, gender, and body mass index (BMI) were measured in a cohort of healthy young adult volunteers. MOF was measured using an Occlusal Force Meter GM 10 device. The relationships between GAO, MOF, sex, and BMI were examined using the Pearson correlation coefficient and multiple regression analysis. Results: In five dry mandibles, there was a high correlation between the GAOs measured in the different orientations (p < 0.001). In 58 healthy volunteers (31 women and 27 men, mean age 24.6 years), the mean GAO was 123.3°± 7.5°. The mean MOFs at the first premolar, second premolar, and first molar teeth were 256.4 N ± 128.3 N, 319.0 N ± 171.7 N, and 487.5 N ± 227.2 N, respectively. Men had significantly greater MOF than women at all teeth. The GAO was significantly inversely correlated with MOF at the second premolar (r = −0.376, p = 0.005) and first molar teeth (r = −0.479, p < 0.001). Multiple regression analysis showed that GAO was a significant explanatory factor for MOF at the second premolar and first molar teeth (p = 0.012 and 0.001, respectively). Conclusions: GAOs were measured accurately on the orthopantomograms taken in this study and were a reliable predictor of MOF between the second premolar and first molar teeth. A smaller GAO was associated with a greater MOF at the second premolar and first molar teeth.
Forces derived from functional and nonfunctional activities significantly influence treatment planning and the maintenance phase of prosthodontic treatment. 1 Existing methods of predicting occlusal forces comprise assessments based on the patient's history, physical characteristics, and lifestyle (e.g., body habits and diet), examination of the oral cavity (e.g., torus, dental attrition, facets, and abfraction), [2] [3] [4] and measurement of occlusal force. [5] [6] [7] Devices that measure occlusal force accurately are not always available to dentists, and can be uncomfortable for patients. A simple method for predicting occlusal force without the need for a measuring device would be desirable, regardless of the patient's dentition.
Orthopantomography is used as a matter of routine in general dental practice: it provides a great deal of diagnostic information and can also be used to measure the gonial angle. [8] [9] [10] Sondang et al reported that the gonial angle measured on a lateral X-ray cephalogram was one of the explanatory variables for maximum biting force in a study of 64 Indonesian dental students. 11 Moreover, Bhullar et al reported a strong correlation between the gonial angle measured by cephalogram and orthopantomogram. 12 However, the relationship between the gonial angle measured by orthopantomogram (GAO) and maximum occlusal force (MOF) has not been examined in detail. The patient's head position is generally not standardized for e426 Figure 1 Gonial angles measured by orthopantomography were compared when images were obtained in the reference plane, in 15°of upward rotation and in 15°of downward rotation.
orthopantomography, and there may be misalignment of the mandible due to the patient's physical characteristics. Consequently, variability in the angle of exposure might be expected to enlarge or distort the GAO.
The aims of this study were to establish the accuracy of measuring gonial angle on the orthopantomogram, and to examine the relationship between GAO and MOF. The ability to use the GAO as an index of occlusal force would be extremely useful for clinicians.
Materials and methods

Ethics statement
The conduct of the study was approved by the Ethics Committee of Osaka University Graduate School of Dentistry, Osaka, Japan (reference H23-E23). The committee was satisfied that participants' exposure to ionizing radiation would be low. All volunteers were informed of the risks in writing and gave written informed consent to participate.
Accuracy of gonial angle measured by orthopantomography
To validate the accuracy of the GAO, orthopantomograms of dry mandibles held as teaching specimens by the Department of Oral and Maxillofacial Radiology, Osaka University, were acquired at a variety of angles. In general dental practice, an orthopantomogram is taken in the Frankfurt horizontal plane parallel to the floor, but this plane could not be determined in this study. A clear acrylic resin plate was attached to the mandibular dentition with wax, and we defined this surface as the occlusal plane. This occlusal plane was positioned in 10°d ownward rotation from the Frankfurt horizontal plane in its sagittal aspect, a position considered 'normal' in a previous study of the relationship between the occlusal plane and Frankfurt horizontal plane, and that we used as the reference plane. 13 Dry mandibles were also subject to orthopantomography at 15°upward and downward rotation from the reference plane (Fig 1) .
All orthopantomograms were acquired using Auto-1000 equipment (Asahi Roentgen, Kyoto, Japan) with a maximum tube voltage of 74 kVp and tube current of 12 mA. Digital images were imported to image-processing software (Image J; National Institutes of Health, Bethesda, MD) to measure the GAO. The GAO was defined as the angle formed by the inferior and posterior borders of the mandible, in accordance with previous studies, 9, 14, 15 and was measured on both sides by four examiners. In total, seven measurements were performed for each orthopantomogram: each of the four examiners measured GAO once to assess inter-observer error, and one examiner measured GAO three further times to assess intra-observer error.
Participants
Healthy undergraduate dentistry students from Osaka University Graduate School of Dentistry were recruited by word of mouth in the 2012 academic year. None of the participants was pregnant, had systemic disease, temporomandibular joint symptoms, or an open bite posteriorly.
Primary outcome measures
Body mass index (BMI), GAO, and MOF were recorded for each participant. MOF was measured using an Occlusal Force Meter GM 10 (Nagano Keiki, Tokyo, Japan) with the participant in the sitting position with the head held in the Frankfurt horizontal plane parallel to the floor. The GM 10 is reportedly a reliable means of measuring MOF and has been validated. [15] [16] [17] The MOF measurement positions were the first premolar, second premolar, and first molar teeth on both sides. Measurements were not performed at the second molar teeth, as the MOF tended to be more powerful than the upper threshold of the GM 10. To avoid muscle fatigue, MOF was measured at >30-second intervals as previously described. 16 Gonial angle was measured on orthopantomograms using the same technique as the dry mandibles. The mean of the values recorded on each side were used for all analyses.
Statistical analysis
The intra-and inter-observer error for the measurement of GAO in dry mandibles was assessed by means of the intraclass correlation coefficient (ICC) case 1 (for intra-observer error) and case 2 (for inter-observer error). The Pearson correlation coefficient, t-test, and multiple regression analysis were used to examine the relationships between fender, BMI, GAO, and MOF. The SPSS Statistics program (v20, IBM, Chicago, IL) was used for all analyses. Values are presented as the mean (± standard deviation) unless otherwise stated. A p value < 0.05 was considered statistically significant.
Results
Reliability of measurement of gonial angle measured by orthopantomography
Five dry mandibles were used to measure GAO. There were no significant differences in intra-or inter-observer error in the measurement of GAO (p = 0.995 and 0.996, respectively; Table 1 ). In addition, there were no significant inter-observer errors in the measurement of GAO at different angles (the 1) , each participant was assessed by a randomly selected rater, and the reliability was calculated from a single measurement; ICC(1,4), reliability was calculated by taking an average of four raters' measurements; ICC(2,1), each participant was assessed by each rater, raters are considered representative of a larger population of similar raters, reliability was calculated from a single rater measurement; ICC(2,4), each participant was assessed by each rater, raters are considered representative of a larger population of similar raters, reliability was calculated by taking an average of the four raters' measurements. * denotes statistical significance reference position, and 15°upward and downward rotation from the reference position; p = 0.992).
Relationship between gonial angle measured by orthopantomography and maximum occlusal force
The participants were 31 women and 27 men of mean age 24.6 years. All had second premolars and first molars on both sides, but 12 had missing first premolars because of orthodontic treatment. The mean was 123.3°± 7.5°. The mean MOFs at the first premolar, second premolar and first molar were 256.4 N ± 128.3 N, 319.0 N ± 171.7 N, and 487.5 N ± 227.2 N, respectively (Table 2) . Men had significantly greater MOF than women at all teeth (p = 0.010 at the first premolar teeth, p = 0.005 at the second premolar teeth, and p = 0.007 at the first molar teeth; t-test).
A smaller GAO was associated with an increased MOF at the second premolar and first molar; the correlation coefficients Figure 2 There was a significant inverse relationship between gonial angle measured by orthopantomography and maximum occlusal force at the first molar teeth.
Figure 3
There was a significant inverse relationship between gonial angle measured by orthopantomography and maximum occlusal force at the second premolar teeth.
for each were −0.376 and −0.479, respectively (p = 0.005 and < 0.001, respectively; Table 3 , Figs 2 and 3 ). There was no correlation between GAO and MOF at the first premolar teeth. Finally, we found no relationship between MOF and BMI (Table 3) .
Stepwise multiple linear regression analysis identified that GAO and gender were significant explanatory variables for e428 MOF at the second premolar and the first molar (Table 4) . There was no multicollinearity between GAO and gender (data not shown). Only gender was a significant explanatory variable for MOF at the first premolar (Table 4 ).
Discussion
The finding that there was no significant change in GAO taken at different exposure angles supports the findings of other investigators. 15, 18, 19 Indeed, Larheim and Svanaes reported that GAO was more accurate than the gonial angle measured by lateral X-ray cephalography.
20 Displacement error in the sagittal plane is thought to be up to 10°in orthopantomograms acquired in general dental practice; 15 consequently, the authors elected to acquire images in 15°upward and 15°downward rotation from the reference position in the sagittal plane. There is unlikely to be clinically significant displacement in the horizontal or coronal planes because the chin is placed on a chin-rest during exposure, and the patient's facial midline is aligned to a marker. We chose not to examine the influence of horizontal and coronal rotation on GAO. We were able to confirm the reliability of GAO measured at a variety of angles and found no significant difference in intra-or interobserver errors.
Relationship between gonial angle measured by orthopantomography and maximum occlusal force
We found that a smaller GAO was associated with an increased MOF at the second premolar and first molar teeth. The increased occlusal forces that we observed in smaller GAOs could be explained by the insertion of the masseter and medial pterygoid muscles near the molar teeth. In patients with a small GAO, the mandibular plane (masseter muscle insertion) lies more parallel to the zygomatic arch (masseter muscle origin), allowing occlusal force to be applied more efficiently. 21 The increased distance from the insertion of the masseters could also explain why MOF at the first premolar teeth did not correlate with GAO.
The main limitation of our study was the age of our cohort. Dentists generally consider occlusal force when undertaking prosthetic treatments, and most of these patients are elderly. Further studies should be conducted in other age groups-especially the elderly-in whom muscle strength is often diminished.
Conclusions
We found that measurement of GAO was not influenced by sagittal rotation, and that GAO correlated with MOF at the second premolar and the first molar teeth. Dentists should be aware that patients with a smaller GAO have a greater MOF at the second premolar and the first molar teeth, informing selection of dental materials and management strategy for patients requiring prosthodontic treatment. 
